In this paper, the reported experimental data related to electrical transport properties in bulk ZnO, ZnMgO/ZnO and ZnMgO/ZnO/ZnMgO single and double heterostructures were analyzed quantitavely and the most important scattering parameters on controlling electron concentration and electron mobility were obtained. Treatment of intrinsic mechanisms included polar-optical phonon scattering, piezoelectric scattering and acoustic deformation potential scattering. For extrinsic mechanisms, ionized impurity, dislocation scattering and strain induced fields were considered. For the bulk ZnO, the reported experimental data were corrected for removing the effects of a degenerate layer at the ZnO/sapphire interface via a two -layer Hall -effect model. Also, donor density, acceptor density and donor activation energy were determined via the charge balance equation. This sample exhibited hopping conduction below 50K and dislocation scattering controled electron mobility closely. Obtained results indicated that the enhancement of electron mobility in the double sample, as compared with single one, could be attributed to the reduction of dislocation density, two-dimensional impurity density in the potential well due to background impurities, and/or interface charge and strain induced fields which can be related to the better electron confinement in the channel and enhancement in the sheet carrier concentration of 2DEG in this sample.
Introduction
ZnO has received substantial interest in the research community due to its wide band gap (3.4 eV) [1] , high breakdown voltage, generation lower noise, high temperature power, and sustained large electrical field [2] [3] [4] [5] . ZnOs are used in a variety of optical and optoelectronic applications such as UV light -emitting diodes [6, 7] , transparent transistors [8] , UV detectors [9] , and UV laser diodes [10, 11] . In the Bulk ZnO, the mobility is decreased at low and high temperatures due to dislocation scattering, ionized impurity and lattice vibrations, respectively. Undoped ZnO with a wurtzite structure is naturally an n-type semiconductor due to the presence of intrinsic defects such as Zn interstial and O vacancy [5] . To make high quality P-type ZnO, knowing the native defects in an undoped ZnO via Hall effect measurements is essential. To obtain high mobility, especially at low temperatures, ZnMgO/ZnO heterostructures [12, 13] in which electrons have a twodimensional space are used. Consequently, a twodimensional electron gas (2DEG) is formed at the interface due to the internal electric field. Since carrier confinement can be influence electron mobility, ZnMgO/ZnO/ZnMgO double quantum is well fabricated recently [14, 15] . The ability to fabricate a ZnMgOhetero structures makes it possible to fabricate ZnMgOhigh electron mobility transistors (HEMT) [16] which have received more attention recently [17, 19] . Transport properties such as carrier mobility (µ) and carrier concentration (n) are crucially important because operation of all these devices critically depends on the current transport.
In this paper, the reported experimental data related to electrical transport properties in the bulk ZnO, ZnMgO/ZnO and ZnMgO/ZnO/ZnMgO with single and double heterostructures were analyzed quantitavely, as reported by J. Ye et al. [20] . The bulk ZnO, Zn0.82Mg0.18O (75 nm) /ZnO single (sample A) and Zn0.8Mg0.2O (60 nm)/ZnO (30 nm)/graded-Zn0.85Mg0.15O (90 nm) double (sample B) heterostructures were grown Table 1 . ZnO material parameters used in the calculation.
Material parameters Values Density of the crystal (ρ) [23] 6.1 × 10 3 (kgm -3 ) Deformation potential energy (El) [24] 3.5 (eV) High-frequency dielectric constant (ε∞) [22] 3.72ε0 (Fm -1 ) Static dielectric constant (εs) [22] 8.12 ε0 (Fm -1 ) Effective mass (m*) [22] 0.3m0 (kg) ZnO lattice constant (a0) [17] 0.521 (nm) Piezoelectric constant (hpz) [23] 1.10 (cm -2 ) Electron mass (m) 9.1096 × 10 -31 (kg) Sound velocity (s) [23] 6.59 × 10 3 (ms -1 ) MgO lattice constant (al) [17] 0.421 (nm) Longitudinal acoustic phonons velocity (ul) [17] 6.4 × 10 3 (ms -1 ) Transverse acoustic phonons velocity (us) [17] 3.5 × 10 3 (ms -1 ) on sapphire by using the metal-organic vapor phase epitaxy technique [20] . The experimental details are given in ref. [20] . Also, the sheet carrier concentrations (ns) of 2DEG in the samples A and B have been reported to be 1.48 ×10 12 and 1.16 × 10 14 cm -2 , respectively [20] . Since the dimension of our system is further than the dimension of mesoscopic systems, we did not consider quantum transport; also, electron -electron correlation effects for 3d orbital (for Zn atom), which play an important role in quantum transport, were neglected in this material.
Theory of electrical properties 2.1 . Charge balance equation
I have used the charge balance equation for the carrier concentration data in which semiconductor is assumed to be the n-type non-degenerate [21] :
where
where Na is the acceptor density, Nd is the donor density, g0i (g1i) is the unoccupied (occupied) state degeneracy of the donor i, and α is the temperature coefficient defined by
, in which Ed, Ed0 refer to the activation energy of the donor electrons at T and zero temperature, respectively [5] (α is assumed to be zero [22] ). It should be noted that Na, Nd and Ed are considered as the fitting parameters.
Theory of scattering mechanisms in Bulk semiconductors
Here, the mobility limit due to each individual scattering process is calculated independently, using their corresponding analytical expressions (µi). The total mobility can be calculated from the scattering -limiting motilities by using the Matthiessen's rule (
The material parameters used in the calculations are listed in 
where El, ρ and s are deformation potential energy, density of the crystal and sound velocity, respectively.
(II) The mobility (µpz) limited by piezoelectric scattering is expressed as [25] :
where hpz is the piezoelectric constant in ZnO.
(III) The mobility (µpop) caused by the polar optical phonon scattering, which controls carrier mobility at the high temperature, can be calculated using [26] 
Extrinsic scattering mechanisms (I)
The mobility (µIm) determined by the Ionized impurity scattering is given by [27, 28] :
where Na is the acceptor density which is obtained from equation (1) as the fitting parameter.
(II) The mobility (µcd) caused by the crystalline defects (domain boundaries and strain induced fields) scattering can be obtained from [28] :
Here, C is attributed to the strained induced fields and domain boundaries.
(III) The mobility limited (µdisl) by dislocation scattering that controls carrier mobility at low temperatureis expressed as [29] :
where Ndisl, f (=1), a and
is dislocation density, occupancy rate and distance between acceptor centers, respectively.
Two -layer Hall -effect model
Due to the lattice mismatch between the semiconductor layer and the substrate, a narrow area with high dislocation density (degenerated layer) was formed in semiconductor layer/ substrate interface, with crucial effects on the electrical properties (carrier concentration and mobility) of the semiconductor, especially at low temperatures. We can use the two-layer Hall Effectmodel to correct the carrier concentration and the mobility experimental data [30] :
where μH and nH are the experimental mobility and carrier concentration, μ2 and n2 are the mobility and carrier concentration in the degenerated layer, and μ1 and n1 are the corrected data.
Theory of scattering mechanisms in 2DEG
Different scattering mechanisms have been considered to model the 2DEG mobility by using the Matthiessen's rule. The analytical expressions of scattering mechanisms for 2DEG mobility are briefly summarized below and the relevant material parameters are listed in table 1.
Intrinsic scattering mechanisms (I)
The polar optical phonon scattering is expressed as [31, 32] :
where L ( ) [33] is the width of the quantum well, ns is 2DEG sheet carrier density, and
(II) The acoustic deformation potential scattering is given by [34] :
Here, ul is the longitudinal acoustic phonon velocity. (III) In strongly polar materials, the most powerful interaction with acoustic phonons at low energies is via the piezoelectric effect. The piezoelectric scattering can be obtained from [35] 
where kf (= (2πns) 1/2 ) is the wave vector on the Fermi surface, h14 is the piezoelectric constant, ut is the transverse acoustic phonon velocity, and where Nbi is the 2D impurity density in the potential well due to the background impurities and/or interface charge and
(III) The dislocation scattering is expressed as [39] [40] 
Results and discussion

Bulk mode
The experimental temperature -dependent electron concentration of the ZnO is shown in figure 1 . The experimental electron concentration was decreased as the temperature was reduced from 300 to 80 K, which was a carrier freeze -out process; then it was increased slightly when temperature was decreased further. As result, due to the lattice mismatch between ZnO and sapphire, a two-dimensional parallel conduction layer (degenerate layer) was formed at the ZnO/sapphire interface, which was temperature-independent. To investigate the electrical transport properties of the bulk layer, the electron concentration and the electron mobility of the degenerate layer should be removed via a two -layer Hall -effect model (See Eq. 10-11). The corrected data are shown in Figure 1 and Figure 2 .
As it is clear from Figure 1 and Figure 2 , by removing the effects of the degenerate layer, the bulk electron concentration was reduced ( (1)). The obtained fitting values are listed in table 1. The obtained activation energy of the residual donor was in a reasonable agreement with the reported value [41] , confirming the validity of my fitting. Figure 3 shows the total mobility obtained from the Matthiesen's rule by considering the intrinsic scattering mechanisms. As can be seen in figure 3 , in the pure ZnO sample, the total mobility at the room temperature was in order of 10 2 (cm 2 V -1 s -1 ). Figure 4 shows the position of each of the scattering mechanisms for the bulk electron mobility of ZnO. The obtained fitting parameters have been listed in table 1. It should be noted that Ndisl could be matched with the accuracy of the reported values [42] in this case. According to figure 4:  At the low and medium temperature range, 15 < T < 240 K, dislocation scattering is dominant.  At the high temperature range, 240 <T< 300 K, polar optical phonon scattering controls the bulk electron mobility.
2. 2DEG mobility
With respect to Vegard's law and the band gap value of ZnO (= 3.4 eV) [1] and MgO (= 5.88 eV) [43] , the band gap value of Zn0.82Mg 0.18 O/ZnO and Zn0.8Mg0.2O/ZnO/Zn0.85Mg0.15O was calculated to be about 3.88 eV and 3.89 eV, respectively; this showed that the band gap of ZnMgO/ZnO was wider than ZnO. So, it should be expected that some conduction electrons in the ZnMgO layer were transferred to the adjacent layer with a smaller band gap (ZnO), which caused an internal field; subsequently, the formation of a triangular quantum well and thus, the formation a thin layer near the interface with a 2DEG behavior were expected. Figure 5 shows the temperature dependence of the electron mobility and the calculated component mobility of the individual scattering process for Zn0.82Mg0.18O (75 nm) /ZnO single (sample A) and Zn0.8Mg0.2O (60 nm) /ZnO(30 nm)/graded-Zn0.85Mg0.15O(90 nm) double (sample B) heterostructures. As can be seen clearly, the electron mobility was increased when temperature was decreased, reaching the maximum value of about 290 cm 2 for the samples A and B, respectively. The dislocation scattering and the ionized impurity scattering due to the interface charges were weakened when ns was increased, and the screening effect of the electrons on the scattering centers was improved (see table 2 ). The enhancement of electron mobility in the sample B could be associated with the decrease in Ndisl, Nbi and strain induced fields in this sample (see table 2 ). Also, better electron confinement in heterostructures played an important role in determining the 2DEG mobility via increasing the screening effect against the ionized impurity and dislocation scattering [44] [45] .
As a result, the produced electric field via piezoelectric polarization charge at the ZnMgO/ZnO heterointerface and the formation of the conduction band discontinuity at the same interface could lead to better electron confinement, leading to the enhancement of the electron mobility of Zn0.8Mg0.2O/ZnO/Zn0.85Mg0.15O. As can be seen from figure 5:  For the sample A, at the low temperature (T< 110K), ionized impurity scattering due to the interface charges and at high temperature (110<T< 300 K), piezoelectric scattering controlled electron mobility.  For the sample B, at the low temperature (T< 60 K), ionized impurity scattering due to interface charges scattering, at the medium temperature (60<T< 230 K), crystalline defects, and at the high temperature (T> 230 K), polar optical phonon scattering restricted mobility. It should be noted that the obtained dislocation density could be matched with the accuracy of the reported values [41] , which was in the range 10 9 to 10 11 cm -2 .
Conclusion
In this paper, the reported experimental data related to the electrical transport properties of ZnO/sapphire, Zn0. ZnO, the effect of the degenerated layer at the ZnO/sapphire interface on the experimental electron concentration and mobility could be removed by using a two -layer Hall -effect model. The fitting curve of temperature-dependent corrected electron concentration,
giving Ed= 25meV, Na = 1 × 10 16 cm -3 and Nd= 6 × 10 17 cm -3 . The fitting curves of temperature dependence for the corrected electron mobility showed that dislocation scattering restricted electron mobility approximately in all temperature ranges, which could be due to the large lattice mismatch between ZnO and sapphire. The value of Ndisl in this sample was obtained to be about 6.5 × 10 13 cm -2 . For Zn0.82Mg0.18O/ZnO single and Zn0.8Mg0.2O/ZnO/graded-Zn0.85Mg0.15O double heterostructures, the temperature dependence of 2DEG mobility was determined by taking into account all the major scattering mechanisms. The calculated results for 2DEG mobility indicated that in the ZnMgO/ZnO/ZnMgO heterostructure, dislocation and ionized background impurity were effectively suppressed, which could be related to the enhancement in the sheet carrier concentration of 2DEG and better electron confinement in the channel because of the produced electric field via piezoelectric polarization charge and the formation of the conduction band discontinuity at the heterointerface in this sample.
